A new type of amplified spontaneous emission (ASE) based on an Er -Tm-codoped silica fiber is reported. When the fiber was pumped at 980 nm, the emission yielded a 3-dB bandwidth over 90 nm (1460 -1550 nm) without any external filters, which is twice larger than that produced by conventional Er-doped fiber ASE sources. We believe that the superposition of two ASE bands, one from Er ions near 1530 nm and the other from Tm ions near 1450 nm, results in the broad bandwidth. Temperature-dependent ASE powers and fiber-length-dependent spectra strongly suggest that photon-assisted energy transfer between the sensitizing ion, Er, and the acceptor ion, Tm, plays an important role in changes in the bandwidth's size.
Incoherent broadband optical sources have been used in various applications, including light sources for optical device characterization, fiber-optic gyroscopes, and spectrum sliced light sources in wavelengthdivision multiplexing systems. 1, 2 To utilize the inherently low loss in silica optical f ibers, various types of fiber-compatible incoherent light sources are being developed. These include semiconductor light-emitting diodes, superf luorescent diodes, and rare-earth-doped fiber light sources.
Erbium-doped and thulium-doped f ibers have recently been the focus of intensive research in fiber amplified spontaneous emission (ASE) sources as well as f iber optical amplif iers. 3 -6 To perform better as an incoherent light source, an ASE source requires a larger bandwidth as well as a higher output power. The ASE from Er ions in a silica glass host covers the spectral range 1520-1560 nm for the transition from 4 I 13/2 to 4 I 15/2 , and that from Tm ions covers the spectral range 1450-1480 nm for the transition 3 H 4 to 3 F 4 . The effective bandwidth, however, can be narrower because of the nonuniform nature of the ASE, and external filters are often required for spectral uniformity.
In this Letter we report, for the f irst time to the best knowledge of the authors, preliminary observations of a new type of broadband ASE from an Er-Tm-codoped silica fiber that is pumped by a single commercially available laser diode at 980 nm. We also report an experimental analysis of the spectral change in ASE for various pumping schemes and temperatures, followed by a discussion of energy-transfer routes between Er and Tm ions.
Schematic energy-level diagrams of Er and Tm ions in silica f iber are displayed in Fig. 1 From these two energy-transfer mechanisms, therefore, Tm ions can be excited to the 3 H 4 and 3 F 4 levels, and 1450-and 1800-nm emission bands can be generated in Er 31 Tm 31 -codoped silica fiber by excitation of Er ions by a 980-nm pump, which will simultaneously generate Er ASE near 1530 nm. Dual-wavelength continuous oscillation near 1530 and 1800 nm from a Fabry -Perot f iber laser cavity composed of the proposed f ibers has been reported elsewhere. 9 In this Letter we focus on the upconversion emission near 1450 nm from Tm and its relation to neighboring Er ions.
The fiber preform used in the experiment was fabricated by modified chemical-vapor deposition along with a solution doping technique. 10 The core glass was composed of SiO 2 , GeO 2 , and Al 2 O 3 , and the concentrations of Er 31 and Tm 31 were 600 and 600 parts in 10 6 , respectively. The preform was drawn into a fiber that was characterized by a refractiveindex difference Dn of 0.015 and a core diameter of 3.3 mm.
Using a commercially available 980-nm pump laser diode (LD) at 100 mW, we measured and compared the forward ASE spectra of the codoped f iber with an Er 31 singly doped fiber whose concentration was 800 parts in 10 6 (Fig. 2) . In Fig. 2(a) the ASE of an Er 31 singly doped fiber is shown, with a characteristic peak near 1530 nm. The bandwidth is limited to less than 40 nm, even after the 1530-nm peak has been f iltered out by an external filter. Figure 2(b) shows the ASE spectrum of the proposed Er 31 Tm 31 -codoped fiber. The 3-dB bandwidth exceeded 90 nm; between 1460 and 1550 nm, two prominent peaks were observed, the 1530-nm band from Er 31 and the 1450-nm band from Tm 31 , a result that strongly indicates the superposition of ASEs from individual ions. The maximum total output power was ϳ10 mW. Note that they only pump source was at 980 nm, where there is no absorption in Tm ions and only Er ions can be excited, which confirms that there exists, indeed, an energy-transfer mechanism from Er to Tm to generate Tm emission corresponding to the 3 H 4 to 3 F 4 transition. Energy transfer between Er 31 and Tm 31 assumes a phonon-assisted energy-transfer process because there is an energy mismatch between the energy levels as described by ET1 and ET2 in Fig. 1 . According to the Miyakawa -Dexter theory, 11 the probability of a phonon-assisted energy transfer is given by
where W PET ͑0͒ is the transfer rate at DE 0 and DE is the energy difference of the levels involved in the energy transfer. b T is a function of the phonon energy and electron -phonon coupling strength and is inversely proportional to temperature. Therefore, from Eq. (2), the rate of energy transfer between Er
31
and Tm 31 is expected to decrease as the temperature decreases. We measured the ASE spectra from the Er-Tm-codoped fiber both at room temperature (300 K) and at liquid-N 2 temperature (77 K) to ascertain that the 1450-nm emission band came from Tm 31 by energy transfer from Er 31 . The results are shown in Fig. 3 , where the 1450-nm emission decreased by 7 dB at 77 K, which strongly indicates that the emission band comes from the phonon-assisted energy transfer between Tm 31 and Er 31 . There is likewise an intensity decrease in the 1530-nm emission from Er ions at 77 K, which is attributed to an increase in the shorter-wavelength absorption tail corresponding to the 3 H 6 to 3 F 4 transition of Tm 31 by a heavier population in the ground state of the 3 H 6 manifold at 77 K.
To further explore the energy-transfer routes we launched an additional pump at 1064 nn from a Nd:YAG laser along with the 980-nm pump. Pumping sources near 1 mm have been used frequently for Tm 31 (Refs. 12 and 13) because of their proximity in energy to the transition 3 H 6 to 3 H 5 . A 1064-nm pump will isolate Tm ions in the ASE response because Er has negligible absorption at that wavelength. The optical powers of 980 and 1064 nm were 100 and 50 mW, respectively, and the pump beams were copropagating. By copumping 980-and 1064-nm lasers we found that the level of ASE increases by more than 1.5 dB, especially near the Tm band. Figure 4 shows the forward ASE spectra measured for various fiber lengths. The codoped fibers were pumped only by a 980-nm LD at 100 mW. The figure shows that the Er 31 emission band near 1530 nm yields a more abrupt decrease in intensity than near 1450 nm as the fiber length increases. This result is attributed to typical characteristics of a three-level system, mainly the reabsorption of emission by the ground state. The 1450-nm band from Tm 31 , however, results in less reduction because of the four-level nature of the 3 H 4 ! 3 F 4 transition and becomes dominant at a longer fiber length.
In conclusion, we observed broadband amplified spontaneous emission from a new type of silica fiber pumped at 980 nm whose core was codoped with Er 31 and Tm 31 . When the f iber was pumped at 980 nm, the ASE yielded a 3-dB bandwidth over 90 nm, from 1460 to 1550 nm. The . A phonon-assisted energy transfer between the ions were experimentally confirmed by contrasts in the responses to the external changes: an abrupt decrease of Tm emission at 77 K, an increase of TM emission for 1060-nm pumping, and faster reduction of Er emission for longer fiber lengths. Optimal concentrations of dopants, glass hosts, and pump wavelengths are being studied for better output power and broader bandwidths.
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